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(’ ( 1). 2 $s$ ,
1, $r_{2}$ . 2 $\Omega$
. , $\mathrm{O}$ ,
$r$ , $z$ . $\Gamma_{:}$
$\eta$ , $\beta$ $\text{ }$ $Re$ .
$\Gamma=\frac{s}{d}$ , $\eta=\frac{r_{1}}{r_{2}}$ , $\beta=\frac{r_{1}}{d}=\frac{\eta}{1-\eta}$ , $Re= \frac{r_{2}\Omega d}{\nu}$ .
, $d=r_{2}-r_{1}$ , $\nu$ .
, $d$ $r_{2}\Omega$ , $\Omega$
=
$\frac{\partial u}{\partial r}+\frac{u}{r}+\frac{\partial w}{\partial z}=0$ , (1)
$\frac{\partial u}{\partial t}+u\frac{\partial u}{\partial r}+w\frac{\partial u}{\partial z}-\frac{v^{2}}{r}=-\frac{\partial p}{\partial r}+\frac{1}{Re}(\nabla^{2}u-\frac{u}{r^{2}})+2(1-\eta)v+r(1-\eta)^{2}$ , (2)
$\frac{\partial v}{\partial t}+u\frac{\partial v}{\partial r}+w\frac{\partial v}{\partial z}-\frac{uv}{r}=\frac{1}{Re}(\nabla^{2}v-\frac{v}{r^{2}})-$ 2(1-77)u, (3)
$\frac{\partial w}{\partial t}+u\frac{\partial w}{\partial r}+w\frac{\partial w}{\partial z}=-\frac{\partial p}{\partial z}+\frac{1}{Re}\nabla^{2}w$ (4)
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. ,
$\nabla^{2}=\frac{\partial^{2}}{\partial r^{2}}-\frac{1}{r}\frac{\partial}{\partial r}+\frac{\partial^{2}}{\partial z^{2}}$
.
$x=r-\beta$ , $u= \frac{1}{r_{2}\Omega}$ (u, $v,$ $w$ ) $\psi$ $\phi$
$u= \frac{1}{r_{\beta}}\frac{\partial\psi}{\partial z}$ , $w=- \frac{1}{r_{\beta}}\frac{\partial\psi}{\partial x}$ , $v= \frac{\phi}{r_{\beta}}$ , $r_{\beta}=x+\beta$ (5)
, $(1)-(4)$ $\omega$ $\phi$ .
$\frac{\partial\omega}{\partial t}-\frac{\omega}{r_{\beta}^{2}}\frac{\partial\psi}{\partial z}-\frac{1}{r_{\beta}}J(\psi,\omega)-\frac{2}{r_{\beta}^{3}}\phi\frac{\partial\phi}{\partial z}=\frac{1}{Re}D^{2}\omega-\frac{(v}{r_{\beta}^{2}}+2(1-\eta)\frac{\partial\phi}{\partial z}$ , (6)
$\omega=\frac{1}{r_{\beta}}\frac{\partial^{2}\psi}{\partial x^{2}}-\frac{1}{r_{\beta}^{2}}\frac{\partial\psi}{\partial x}+\frac{1}{r_{\beta}}\frac{\partial^{2}\psi}{\partial z^{2}}=\frac{1}{r_{\beta}}D^{2}\psi$ , (7)
$\frac{\partial\phi}{\partial t}-\frac{1}{r_{\beta}}J(\psi, \phi)=\frac{1}{Re}D^{2}\phi-2(1-\eta)\frac{\partial\psi}{\partial z}$ . (8)
,
$D^{2}= \frac{\partial^{2}}{\partial x^{2}}-\frac{1}{r\beta}\frac{\partial}{\partial x}$
$\frac{\partial^{2}}{\partial z^{2}}$ , $J(f, g) \equiv\frac{\partial(f,g)}{\partial(xz)},=\frac{\partial f}{\partial x}\frac{\partial g}{\partial z}-\frac{\partial f}{\partial z}\frac{\partial g}{\partial x}$
.
( ) . , $\psi$
($x=0,1$ $z=0,$ $\Gamma$ )
$\frac{\partial\psi}{\partial x}=\frac{\partial\psi}{\partial z}=\psi=0$ (9)








. $(\overline{\psi}, \phi-)$ (6) (7) 0
$_{arrow}^{-}$
$- \frac{1}{r_{\beta}}J(\overline{\psi}, D^{2}\overline{\psi})-\frac{2}{r_{\beta}^{2}}D^{2}\overline{\psi}\frac{\partial\overline{\psi}}{\partial z}-\frac{2}{r_{\beta}^{2}}\overline{\phi}\frac{\partial\overline{\phi}}{\partial z}=\frac{1}{Re}D^{4}\overline{\psi}+2(1-\eta)\frac{\partial\overline{\phi}}{\partial z}$ (12)
(8) 0
$- \frac{1}{r\beta}J(\overline{\psi},\overline{\phi})=\frac{1}{Re}D^{2}\overline{\phi}-2(1-\eta)\frac{\partial\overline{\psi}}{\partial z}$. (13)
, (9) $-(11)$ .
, $\psi$ $\phi$ $(\overline{\psi},\overline{\phi})$
$(\hat{\psi}, \phi\hat)$ ,
$\psi=\overline{\psi}+\hat{\psi}$ , $\phi=\overline{\phi}+\hat{\phi}$ (14)
- (14) $(6)-(8)$ , (12) (13) 2
, $\lambda$ ,
$\hat{\psi}=\tilde{\psi}e^{\lambda}$ t, $\hat{\phi}=\tilde{\phi}e^{\lambda t}$ (15)
, .
$\lambda$D$2 \tilde{\psi}-\frac{2}{r_{\beta}^{2}}(D^{2}\overline{\psi}\frac{\partial\tilde{\psi}}{\partial z}+D^{2}\tilde{\psi}\frac{\partial\overline{\psi}}{\partial z})$ $\frac{1}{r_{\beta}}\{J(\overline{\psi}, D^{2}\tilde{\psi})+J(\tilde{\psi}, D^{2}\overline{\psi})\}$
$- \frac{2}{r_{\beta}^{2}}(\overline{\phi}\frac{\partial\tilde{\phi}}{\partial z}+\tilde{\phi}\frac{\partial\overline{\phi}}{\partial z})$ $=$
$\frac{1}{Re}D^{4}\tilde{\psi}+2(1-\eta)\frac{\partial\tilde{\phi}}{\partial z}$ , (16)
$\lambda\tilde{\phi}-\frac{1}{r_{\beta}}$ {J( $\overline{\psi}$ , $\tilde{\phi})+J(\tilde{\psi}$, $\overline{\phi})$ } $= \frac{1}{Re}$D$2 \tilde{\phi}-2(1-\eta)\frac{\partial\tilde{\psi}}{\partial z}$ . $(17)$
$\tilde{\psi}$ $\tilde{\phi}$ ,




(12) (13) $(9)-(11)$ , $(\overline{\psi}, \phi-)$
. , (12) (13) $\xi=2x-1$ $\zeta=2z/\Gamma-1$ \iota $\mathrm{a}$ ,
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$\overline{\psi}$ $(\xi, \zeta)$ $\overline{\phi}(\xi, \zeta)$ ,
$\overline{\psi}(\xi, \zeta)=\sum_{m=0}^{M}\sum_{n=0}^{N}a_{mn}T_{m}(\xi)T_{n}(\zeta)\simeq\simeq$ , (19)
$M+2N$
$\overline{\phi}(\xi, \zeta)=\sum\sum\sim T_{m}(\xi)\tilde{T}_{n}(\zeta)$ (20)
$m=0n=0$
. ,
$\ovalbox{\tt\small REJECT}(X)=\cos m$ \mbox{\boldmath $\theta$}, $\theta=\arccos x$ $(m=0,1,2_{\}}\ldots, -1\leq x\leq 1)$





. (20) $\phi(\xi, \zeta)$ $\xi$ (r) ,
, ( ) (10) . ,
2 $\phi$ ,
. (19), (20) ,
2 , .
(19) (20) $\phi$ $\xi=-1$ 1($r=0$ 1)
, $a_{mn}$ $b_{mn}$ $(M+1)\cross(N+1)$
, . ,
$\xi$ , $\zeta$ .
$\xi i=\cos\frac{(i-1)\pi}{M+1}$ $(i=1,2, \ldots, M+2)$ ,
$\zeta i=\cos\frac{i\pi}{N+2}$ $(i=1,2, \ldots, N+1)$ .
3.2
$(\overline{\psi}, \phi-)$ , (16) (17) (18)
. . , $\xi=2x-1$
$\zeta=2z/\Gamma-1$ , $\tilde{\psi}$ $\tilde{\phi}$
$\tilde{\psi}(\xi, \zeta)=\sum_{m=0}^{M}\sum_{n=0}^{N}$-$T_{m}\approx(\xi)T\approx n(\zeta)$ , $(21)$
$M$ $N$





x) $\tilde{T}_{m}(x)$ 3.1 (18)
. (21) (22) (16) (17)
, , $\lambda$ .
$\mathrm{Q}\mathrm{R}$ . $r$ $z$
.
$i\pi$
$\xi i=\cos\overline{M+2}$ $(i=1,2, \ldots, M+1)$ ,
$\zeta i=\cos\frac{i\pi}{N+2}$ $(i=1,2, ..., N+1)$ .
${\rm Re}(\lambda)$ $\lambda$ ,
.
3.3
(6) (8) (7) ,
. $0\leq r\leq 1$ $M$ , $0\leq z\leq 1$ $N$
, 4 . .
(7) SOR SOR , $\psi$
$k$ $k+1$ $10^{-9}$









, , $Re=r_{2}d\Omega/\nu$ , $\Gamma=s/d$ ,
180
$\eta=r_{1}/r_{2}$ . , $r_{1}$ $r_{2}$ , $d=r_{2}-r1$ ,
$\Omega$ , $\nu$ , $s$ 2 .
2 - 4 7 ,
200 $\mathrm{m}\mathrm{m}$ (=r2), 198 $\mathrm{m}\mathrm{m}$ ( $=r_{2}-\delta r,$ $\delta$r?2 ) .
5 50 $\mathrm{m}\mathrm{m}(=r\sim$ . , $\eta=r_{1}/r2=0.25$ .
2 $s$ . , $\Gamma=0.3$ $s=45\mathrm{m}$m .
3 . (20 . $\nu=15.12$ $\cross 10^{-6}\mathrm{m}^{2}/\mathrm{s}$),
.
, , 1 2








$\backslash$ , . 3
, 3(a) 3(b) $Re$ —1600
, 2
. $3(\mathrm{c})$ 3(d) $Re=2200$
, $Re=1600$ , . ,
.
3: . $\Gamma=0.3$ , $\eta=0.25$ . (a) $(Re=1600)$ , (b)





$(x, z)=(4/5, \Gamma/2)$ $z$ $w_{1}$ .
5.2.1
$\Gamma=0.6$ 4 .
\nearrow $Re$ , $w_{1}$ . , $\mathrm{A}\mathrm{D}$ $\mathrm{M}$ $\mathrm{P}\mathrm{C}$
$\mathrm{N}$
$5(\mathrm{a})$ $5(\mathrm{b})$ 4 , $\Gamma=0.6$
. $\mathrm{A}\mathrm{D}$ , $5(\mathrm{a})$ $(r, z)$
2 .
, T .
$\mathrm{P}\mathrm{C}$ , 5(b) $(r, z)$ 2
. , ( )
$Re_{\mathrm{P}}=966.1$ .
. , $\Gamma=0.3$













4: . $\Gamma=0.6$ , $\eta=0.5$ . : .
: .
(a) (b)




$6(\mathrm{a})$ $\Gamma=0.69$ . $\Gamma=0.69$ ( $6(\mathrm{a})$ )
, $Re$ $\mathrm{S}$ , $\mathrm{T}$
, $\mathrm{U}$ . $\mathrm{S}$ $\mathrm{T}$
$Re\mathrm{s}=1070.4$ $Re_{\mathrm{T}}=1204.1$ , $\mathrm{U}$
$\text{ }$ $Re\mathrm{u}=1213.7$ . , $\mathrm{Q}$ $\mathrm{R}$
\nearrow $Re\mathrm{Q}=Re\mathrm{R}=1059.1$ .
(a) (b) 0. $\mathrm{B}$
$w_{1}$
0




















-0. 01175 $Re$ 1 00 50 117 $Re$ 1 00
6: . $\eta=0.5$ . : .
. : . (a) $\Gamma=0.69,$ (b) $\Gamma=0.693$ ,
(c) $\Gamma=0.694,$ $(\mathrm{d})\Gamma=0.72$ .
$6(\mathrm{b})$ $\Gamma=0.693$ .
$\Gamma=0.69$ , $\Gamma$
$\mathrm{S}$ $\mathrm{T}$ <. $\Gamma=0.694$ ( $6(\mathrm{c})$ )
$\Gamma=0.69-0.693$ , $\mathrm{S}$ $\mathrm{T}$ 2 ,
BQD CRE . . $\mathrm{U}$
. , $\mathrm{Q}$ $\mathrm{R}$ $Re\mathrm{Q}=Re\mathrm{R}=1074.8$
, $\mathrm{U}$ $Reu=1207.5$ .
, $\Gamma=0.6-0.693$ ,
. $\Gamma=0.7$ 0.71
, $\Gamma=0.694$ . $\Gamma=0.69-0.71$
, ,
.
$\Gamma=0.72$ , $6(\mathrm{d})$ .
$\Gamma=0.72$ , $\Gamma=0.71$ , $\mathrm{Q}$ $\mathrm{R}$
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\nearrow -- $\text{ ^{}\backslash }\backslash$ . $Re\mathrm{u}$ <ReQ( ) .
, . 6(d)
GUH . , $\mathrm{U}$
$Reu=1171.5$ , $\mathrm{Q},$ $\mathrm{R}$
$Re\mathrm{Q}=Re\mathrm{R}=1268.8$ .


















8.2 0.5 $\Gamma$ 0.8 0.68 0.7 $\Gamma$ 0.72
7: . (b):(a) . $\cross$ :Randriamampianina et al. 7)
, $\mathrm{O}$ : (
) , $\blacksquare$ : ( ), :
( ).
5.3
$\Gamma$ (Rep, $Re\mathrm{s},$ $Re_{\mathrm{T}}$), $(Re\mathrm{Q}, Re_{\mathrm{R}})$
(Reu) , $7(\mathrm{a})$ . $7(\mathrm{a})$ ,
, Randriamampianina et al. $7\rangle$
Rep $\cross$ . $7(\mathrm{b})$ $7(\mathrm{a})$ . $7(\mathrm{a})$
$7(\mathrm{b})$ , $\bullet$ , $\blacksquare$ , , ,
, . $7(\mathrm{a})$ Randriamampianina et
al. 7) , $Re_{\mathrm{P}}$ , $\Gamma$ $Re_{\mathrm{P}}$
. , 1
$7(\mathrm{a})$ $7(\mathrm{b})$ : $\mathrm{P}$ . $\mathrm{Q}$ ,
. $\mathrm{R}_{1}$
. $\mathrm{R}$ $\mathrm{R}_{1}$ . $\mathrm{S}$ ,
. $\mathrm{T}$ 2
$7(\mathrm{b})$ $\Gamma_{\mathrm{c}}\sim 0.712$ .
5.4
8 , $8(\mathrm{a})$ ,
$\Gamma=0.3,$ $Re=151600$ , (mode 2) .
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(a)
8: ( ). $\Gamma=0.3$ . (a)mode 2 $(Re=151600),$ (b)mode 3 $(Re=76600)$ ,
(c) mode 4 $(Re=49900),$ $(\mathrm{d})$ mode 5 $(Re=39100),$ $(\mathrm{e})$ mode 6 $(Re=31600)$ .
,
. , ,
. 2 . ,
8(b) $-(\mathrm{e})$ , , (mode 3), (mode
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